Carbon nanotubes (CNTs) are an attractive material for flexible thermoelectric devices because of their mechanical strength, lightness, and high conductivity. However, their thermoelectric performance is restricted by their large thermal conductivity. In this letter, a novel material design for improving the performance of CNTs by inserting biobased molecules at CNT/CNT junctions is proposed. We demonstrate that the thermal conductivity is markedly suppressed, but the electrical conductivity is increased by the addition of cage-shaped proteins with semiconducting cores. The Seebeck coefficient also increases by selecting the appropriate core material. By improving the three above-mentioned important parameters, the ZT value is increased over 1000-fold. © 2014 The Japan Society of Applied Physics T hermoelectric devices directly convert heat into electrical energy without any moving parts, which endows them with high reliability and conciseness compared with heat engines. Recently, from an eco-conscious viewpoint, their fields of application have been expanded to the technology of energy harvesting from low-temperature waste heat. When small-scale distributed power generators for energy harvesting or wearable electronics are targeted, 1, 2) wide-area, low-cost, and mechanically flexible thermoelectric generators are strongly desired to cost-effectively collect low-density heat flux.
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Carbon nanotubes (CNTs) are a promising material for this purpose because of not only their mechanical strength, lightness, and richness in element resources, but also high electrical conductivity. [3] [4] [5] Since the maximum thermoelectric conversion efficiency of a material is determined by the dimensionless figure of merit, ZT = ¡ 2 ·T/¬ (¡, ·, ¬, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively), the high · is an advantage in obtaining a high-performance device. However, the condensed form of pure CNTs is not suitable for thermoelectric applications owing to its high ¬ and low ¡. Although several efforts to control ¡ by chemical doping to CNT 6) or to control ¬ by the formation of a porous composite with a polymer 7) have been reported, it is still difficult to control ¡, ·, and ¬ independently because ¡ and · are interconnected by the Mott relation, 8) and · and ¬ simultaneously drop by decreasing the composition ratio of CNTs in polymer composites. An innovative method is therefore highly desired to increase ¡ and decrease ¬ while maintaining the advantage of high ·. Here, we propose a novel material design concept that improves the thermoelectric performance of CNT composites by controlling both thermal and carrier transports at CNT/CNT junctions using biobased molecules. Figure 1 (a) schematically depicts the proposed nanostructure. A biobased core-shell molecule is placed at a CNT/ CNT junction, where the tunneling of carriers is controlled by selecting the semiconductor core material and the shell thickness. Under a heat flow through the junction, a steep temperature gradient across the junction appears owing to the phonon scattering at the CNT/soft-shell interface. The steep temperature gradient generates an asymmetric Fermi-Dirac distribution of electrons between the two sides of the junction and, as a result, electrons (or holes) flow unidirectionally through the conduction (or valence) band of the core, namely, a Seebeck effect at a molecular junction. Although some fundamental works on the thermoelectric effect at a molecular junction have been reported, [9] [10] [11] practical composites utilizing the Seebeck effect at a molecular junction are unprecedented. By connecting such junctions in series within a composite material, enhancement of the thermoelectric performance can be expected via the suppressed thermal transport and the enhanced Seebeck effect. To realize this concept with high probability of the series connection of CNT/biomolecule/CNT junctions, we used a caged-shaped protein called Listeria innocua Dps (DNAbinding protein from starved cells). 12, 13) Dps is 9.5 nm in outer diameter and 4.5 nm in inner diameter. Dps can biomineralize the iron oxide core in the cavity 14) and several types of nanoparticle core were also artificially synthesized in the cavity. [15] [16] [17] To provide an ability to adsorb on CNTs, we genetically added the subunit with a peptide aptamer with an affinity to carbonaceous materials (NHBP-1). 18) 12 mutant Dps subunits self-assemble into a cage-shaped protein shell with 12 aptamer peptides on the outer surface; this is herein referred to as C-Dps. Figure 1 (b) shows a schematic drawing of the C-Dps molecule with a semiconductor core inside the cavity. The semiconductor core is completely isolated by the 2.5-nm-thick protein shell. The thickness of the soft shell is presumed to decrease at the CNT/C-Dps junction point owing to a large attractive force between them, which makes the tunneling of carriers easier. Via the NHBP-1s, the C-Dps attaches to a CNT and covers the whole surface of the CNT. Therefore, in the CNT/C-Dps composites, CNTs are inevitably connected through the CNT/C-Dps/CNT junctions [ Fig. 1 
(c)].
A single-walled CNT material (Aldrich, 50-70% purity) with an outer diameter of ca. 1.2-1.4 nm was used in this work. As core materials, an oxidized iron or CdSe was introduced to the inner space of C-Dps via the biomineralization function of ferritin families. 14, 16) The resulting molecule is hereinafter referred to as C-Dps(Fe) or C-Dps(CdSe). The CNT dispersion (0.2 mg/ml) was mixed with the C-Dps solution (0.3 mg/ml) by sonication. CNTs not attached to C-Dps molecules were precipitated and removed by centrifugation at 8,500 rpm. CNT/C-Dps was obtained as a precipitate by further centrifugation at 80,000 rpm. Thus separated, CNT/C-Dps was dispersed in pure water by sonication. The dispersion was then dropped onto a UV/O 3 -treated glass substrate and dried for ca. 24 h under ambient conditions. The typical thickness of the drop-cast composite films was 50-100 nm. The electrical conductivity and Seebeck coefficient in the in-plane direction were measured at 300 K in vacuum using a laboratory-made apparatus. 19) The absolute Seebeck coefficients of the composite films were calculated by subtracting the Seebeck coefficient of the apparatus (¹17.4 µV/K in the configuration used in this work) from the ¦V/¦T slopes obtained. For thermal conductivity measurements, thicker films (ca. 30 µm) were prepared by pressure filtration. The thermal diffusivity toward the thickness direction was measured using ai-Phase Mobile, which employs the temperature wave analysis method. 20) To identify the chemical compositions of the semiconductor cores, X-ray diffraction patterns of C-Dps powders were measured by 2ª-½ scan, indicated in Fig. 2 . Because of the good agreement with the standard powder diffraction patterns of Fe 2 O 3 1nH 2 O 21) and CdSe, 22) we consider that the core materials are included as ferrihydrite and nearly stoichiometric CdSe forms, respectively. According to the Williamson-Hall analysis 23) of these diffraction peaks, the peak widths of the ferrihydrite are determined by the small crystallite size, ca. 1.3 nm, and those of the CdSe by random strain of lattice. These results imply that the semiconductor cores are nanocrystalline and contain a number of defects. Figure 3 shows a transmission electron microscopy (TEM) image of CNT/C-Dps(Fe) fibers. Protein shells of C-Dps molecules appear as white circles and the ferrihydrite cores as dark dots. The areal coverage of C-Dps molecules attached to the CNT surface is estimated to be ca. 53% by analyzing many fibers in similar TEM images. From this surface coverage, we conclude that the C-Dps molecules are inserted at every CNT/CNT junction with high probability.
The thermal conductivity ¬ of the CNT film was calculated as the product of thermal diffusivity toward the thickness direction, heat capacity measured by differential scanning calorimetry, and mass density, which are summarized in Table I . The thermal conductivity of the CNT/C-Dps(Fe) film is 130 times smaller than that of the pristine CNT. The marked decrease is caused mainly by the reduction in thermal diffusivity, as shown in Table I . This result implies that the C-Dps molecules inserted at CNT/CNT junctions effectively suppress the thermal conduction through CNT fibers as expected. Figure 4 graphically shows variations of the electrical conductivity and Seebeck coefficient depending on the composite formation with C-Dps and included core materials. These values are also shown in Table I . All samples exhibit p-type Seebeck effects. As shown in Fig. 4 , the electrical conductivity and Seebeck coefficient clearly depend on the core material. Both values increased when C-Dps(Fe) was used, compared with CNT(pristine), but not when Fig. 2 . 2ª-½ XRD profiles of (a) C-Dps(Fe) and (b) C-Dps(CdSe). Cu K¡ is used as an X-ray source. Diffraction planes taken from the standard data of Fe 2 O 3 1nH 2 O and CdSe, 21) respectively, are indicated in the figure. C-Dps(CdSe) was used. The increase and decrease in the Seebeck coefficient with the use of ferrihydrite and CdSe cores, respectively, can be qualitatively explained by the Seebeck effect at molecular junctions. As shown in Fig. 5 , the temperature difference between two adjacent CNTs produces a carrier flow through the electronic states in the semiconductor core. As a result, the double tunnel junction with a p-type (or n-type) semiconductor core exhibits a positive (or negative) Seebeck coefficient. Since the pristine CNT film used in this work originally has a positive Seebeck coefficient that is frequently reported, 6, 24) the net Seebeck coefficient of the composite film is increased by the additional large p-type Seebeck effect at the molecular junction and decreased by the n-type one. These results suggest that the ferrihydrite core work as p-type and CdSe as n-type.
The density of states or energy band edges of ferrihydrite have not been reported so far. It is, however, known to be a semiconductor, the optical band gap of which is within the range of 1.92-2.24 eV. 25) The absorption edge of C-Dps(Fe) used in this work agreed with this value. According to the band calculation of hematite, 26) which is another well-known form of iron oxide/oxyhydroxide and exhibits a similar band gap to ferrihydrite, the valence-band edge locates just below the Fermi energy. We therefore presume that the ferrihydrite core provides hole-tunneling levels at the junction. On the other hand, nondoped CdSe is commonly known to be an n-type semiconductor either in single crystal 27) or nanocrystal form. 28) There may be another possible mechanism behind the difference in the Seebeck effect at a molecular junction. According to the XRD analyses, the semiconductor cores are nanocrystalline and assumed to have a significant density of gap states. If the density is so large that the carriers can pass through the gap states near the Fermi level, the Seebeck coefficient depends on the density-of-states function of the gap states. To quantitatively understand the variation of the Seebeck coefficient, the density-of-states function of the semiconductor cores must be determined (these experiments are currently under way).
The variation of electrical conductivity is not as straightforward as that of the Seebeck coefficient. The higher conductivity with C-Dps(Fe) than with C-Dps(CdSe) can however, be explained by the hole doping from the deeper valence band of ferrihydrite cores in the C-Dps(Fe) molecules densely attached to that of the semiconducting CNTs. In contrast, the holes in CNTs may be compensated by the donorlike behavior of CdSe cores. The conductivity of pristine CNT is between those of CNT/C-Dps(Fe) and CNT/ C-Dps(CdSe) even when it is compensated by the difference in CNT densities (0.80 g/cm 3 in the pristine film, 1.21 g/cm 3 in CNT/C-Dps). However, it should be considered that C-Dps might work as a binder molecule to improve the formation of CNT networks. The increase in conductivity upon the addition of C-Dps(Fe) to CNT would thus be caused by both carrier doping and improved CNT networks.
Owing to the simultaneous improvement of ¡ and ·, the power factor of CNT/C-Dps(Fe) is enhanced eightfold versus that of pristine CNT. By including the reduction in thermal conductivity, the figure of merit ZT of CNT/C-Dps(Fe) (6.4 © 10 ¹4 ) is improved more than 1000-fold versus that of pristine CNT (5.7 © 10
¹7
). Here, we must note that the thermal conductivity was measured in the out-of-plane direction while other parameters were measured in the inplane direction. The absolute values of ZT shown above are therefore provisional. Despite this, we admit that the ZT value is not as high as practical ones. The low ZT is mainly due to the low conductivity of the pristine CNT used in this work compared with typical values. 7, 29) The method proposed in this work is, however, effective even if CNTs are replaced with more conductive ones because a higher thermal transport of CNTs with better crystallinity can be interrupted similarly by the phonon scattering at the biomolecular junction.
In conclusion, ¬ is markedly suppressed by the phonon scattering at the biomolecular junction. As a result, the macroscopic temperature gradient is transformed into the local temperature difference at the junction and thus the Seebeck effect at the junction is effectively added to the macroscopic thermoelectric property. Furthermore, it is confirmed that the method proposed here can simultaneously improve · and ¡, unlike conventional doping techniques, which means that all three important parameters, ¡, ·, and ¬, are simultaneously improved. Such a direct improvement of thermoelectric performance is difficult to obtain by the conventional design of thermoelectric materials. This conceptual work will be extended to achieve a practical ZT value by improving the electrical conductivity of CNTs and optimizing core materials in the future.
